Sulfate and selenate uptake were investigated in both selenium (Se) hyperaccumulators (Astragalus racemosus and Astragalus bisulcatus) and closely related nonaccumulator species (Astragalus glycyphyllos and Astragalus drummondii). Sulfur (S) starvation increased Se accumulation, whereas increased selenate supply increased sulfate accumulation in both root and shoot tissues. cDNAs for homologs of groups 1 to 4 sulfate transporters were cloned from these Astragalus species to investigate patterns of expression and interactions with sulfate and selenate uptake. In contrast to all other previously analyzed plant species, abundant gene expression of putative sulfate transporters was observed for both Se-hyperaccumulating and nonaccumulating Astragalus, regardless of S and Se status. Furthermore, quantitative analysis of expression indicated a transcript level in Sehyperaccumulating Astragalus comparable with other plant species under S deprivation. The high expression of sulfate transporters in certain Astragalus species may lead to enhanced Se uptake and translocation ability and therefore may contribute to the Se hyperaccumulation trait; however, it is not sufficient to explain S/Se discriminatory mechanisms. Selenium (Se) is an essential element for human and animal health, but excess consumption may also be toxic, and the concentration range from trace element requirement to lethality is narrow (Ohlendorf et al
Selenium (Se) is an essential element for human and animal health, but excess consumption may also be toxic, and the concentration range from trace element requirement to lethality is narrow (Ohlendorf et al., 1986; Läuchli, 1993; Spallholz, 1994; Arteel and Sies, 2001; El-Bayoumy, 2001; Tapiero et al., 2003; Schomburg et al., 2004; Gore et al., 2010; Fairweather-Tait et al., 2011) . In animals, trace amounts of Se are required to form selenoenzymes, including a number of thioredoxin reductases and glutathione peroxidases. There is no known requirement for Se in plants, and excess accumulation is also toxic, affecting protein synthesis, causing symptoms including chlorosis and stunting that mimic sulfate starvation as well as withering and drying of leaves and premature death (Terry et al., 2000) .
Se is taken up by plants mainly in the form of selenate. Due to the chemical similarities between Se and sulfur (S), selenate transport and assimilation follows the sulfate pathway (Sors et al., 2005) . The assimilation of selenate results in the production of selenocysteine and other Se isologues of various S metabolites . The nonspecific incorporation of selenoamino acids into proteins is thought to contribute to Se toxicity (Brown and Shrift, 1981) . Alternatively, Se toxicity in plants could result from the formation of reactive oxygen species and oxidative stress (Gomes-Junior et al., 2007; Tamaoki et al., 2008) .
It is widely recognized that the uptake and assimilation of sulfate is regulated by the nutrient status of the plant (Smith et al., 1995 (Smith et al., , 1997 Buchner et al., 2004a) . Several studies have shown that a decrease in root sulfate availability results in a severalfold enhanced expression of sulfate transporter genes, which enhances the capacity for sulfate uptake and consequently enhances the uptake of Se (Hawkesford, 2000; Hawkesford et al., 2003; Shinmachi et al., 2010) .
The plant sulfate transporter gene family (Hawkesford, 2003) is composed of five subgroups: groups 1 and 2 are involved in uptake into the cell with high-and lowaffinity characteristics, respectively; group 3 has diverse roles, including possible heterodimer function; group 4 is involved in vacuole efflux; and group 5 has been specifically implicated in molybdenum (Mo) accumulation (Tomatsu et al., 2007; Baxter et al., 2008) .
There is considerable variation of Se accumulation and tolerance between plant species of the genera Astragalus (Fabaceae) and Stanleya (Brassicaceae). Some Astragalus species can accumulate up to 0.6% of shoot dry weight as Se from soils irrespective of their S nutritional status, 100 to 1,000 times more Se than nonaccumulating Astragalus species (Pickering et al., 2003) . S-limited conditions further increase Se accumulation in Se-hyperaccumulating Astragalus (Sors et al., 2005) . In both Se-hyperaccumulating and nonaccumulating Astragalus species, a selenocysteine methyltransferase (SMT) that methylates SeCys has been identified. The Se accumulation capacity of different Astragalus species appears to be directly correlated with the enzymatic activity of SMT, which acts to divert Se away from incorporation into proteins, thus preventing toxicity (Sors et al., 2005) ; the SMT activity in Sehyperaccumulating Astragalus is up to 17.5 times higher than in nonaccumulating Astragalus species (Sors et al., 2009) .
Nonhyperaccumulator species discriminate against selenate uptake relative to sulfate, in contrast to hyperaccumulators (White et al., 2004 Galeas et al., 2007) . As these differences may be partly explained by differences in the selectivity of selenate and sulfate by the transporters involved, studies on the sulfate transporters of hyperaccumulator (and closely related nonaccumulator) species may provide useful insights into discrimination mechanisms.
The aim of this study was to dissect the roles of specific sulfate transporter expression in Se accumulation and sulfate/selenate discrimination. Specific sulfate transporters of hyperaccumulating and nonaccumulating Astragalus species were isolated and identified, and their expression was analyzed in relation to S and Se supply.
RESULTS

Se Accumulation in Relation to Sulfate Nutrition
Seedlings of the Se hyperaccumulator species Astragalus racemosus and Astragalus bisulcatus and the nonaccumulator species Astragalus glycyphyllos and Astragalus drummondii were grown with zero or 20 mM Se supplied as selenate. After 5 weeks of growth on 1 mM S supplied as sulfate, plants from both selenate treatments were subdivided into two S treatments, one with sulfate (1 mM) and one in which plants were grown for 5 d with no S. The nonaccumulator species appeared visually stressed by the Se treatment, showing retarded growth, particularly for the roots (data not shown). The hyperaccumulator species showed high tolerance with similar growth compared with the control plants. Se accumulated in root and shoot tissues of all species when exposed to Se (Fig. 1) . Se accumulation varied with species (ANOVA; roots, F 1,55 = 15.38, P , 0.001; shoots, F 1,50 = 14.92, P , 0.001; Fig. 1 ), discriminating the Se-hyperaccumulating species A. racemosus, A. bisulcatus, and Astragalus crotalariae from the nonaccumulating species A. drummondii and A. glycyphyllos. All species accumulated more Se in shoot tissues in comparison with the root tissues (Fig. 1) ; the translocation and specific accumulation in the shoot tissues was especially marked in the Se hyperaccumulator A. racemosus, which had shoot Se concentrations three times higher than the corresponding root concentration under constant S supply.
The Se concentration values indicated an interaction between the S and Se treatments on Se accumulation in both roots and shoots (ANOVA; roots, F 1,55 = 38.96, P , 0.001; shoots, F 1,50 = 7.15, P = 0.012). Five days of S starvation had a strong effect on Se uptake ability: when selenate treated, S-starved plants accumulated more than 2-fold more Se than non-S-starved plants (Fig. 1 ). This would be partly explained by the lack of the competitive inhibition of selenate uptake by sulfate. The differences in Se accumulation between species in response to S starvation were not significant (ANOVA; P . 0.1). 
Effects of Selenate on Shoot Sulfate and Mo Accumulation
Se-treated plants accumulated more sulfate in their shoots than non-Se-treated plants (ANOVA; F 1,60 = 228.88, P , 0.001; Fig. 2 ). In addition, there was a significant interaction between S starvation and Se treatments on shoot sulfate concentration, in which 5 d of S starvation reduced shoot sulfate concentrations, but only in non-Se-treated plants (ANOVA; F 1,60 = 14.58, P , 0.001; Fig. 2 ). There was no significant decrease of shoot sulfate concentration in Astragalus plants subjected to 5 d of S starvation in the presence of Se.
Sulfate accumulation in response to Se treatment varied by species (ANOVA; F 3,60 = 48.38, P , 0.001). Sulfate accumulation in the Se hyperaccumulator A. racemosus was least sensitive to the Se treatment, while sulfate accumulation increased markedly in the presence of selenate in the two nonaccumulator species A. drummondii and A. glycyphyllos. This may be due to the nonaccumulating species being more sensitive to Se toxicity, resulting in the mimicking of S deprivation conditions, as reported in Arabidopsis (Arabidopsis thaliana; White et al., 2004; Van Hoewyk et al., 2008) .
Sulfate starvation specifically enhanced Mo accumulation in both roots and shoots (Fig. 3) , with significant overall differences between the two sulfate treatments (ANOVA; roots, F 1,55 = 28.74, P , 0.001; shoots, F 1,50 = 191.21, P , 0.001). However, the effect of S starvation on shoot Mo accumulation was species specific (ANOVA; F 3,50 = 33.85, P , 0.001). Sulfatestarved plants of A. racemosus, A. bisulcatus, and A. drummondii accumulated higher Mo concentrations in shoot tissues compared with non-sulfate-starved plants, whereas the Mo concentration in shoot tissues of A. glycyphyllos plants did not respond to sulfate starvation (Fig. 3) . Selenate supply had little effect on Mo accumulation (Fig. 3) ; there was some evidence for differences among the overall means between the two selenate treatments (ANOVA; roots, P = 0.030; shoots, P = 0.805). Accumulation of calcium, copper, iron, zinc, manganese, and chromium in Astragalus root and shoot tissues was not affected by S starvation or Se supply (data not shown).
Astragalus Sulfate Transporter Gene Transcript Identification and Analysis
Reverse transcription (RT)-PCR was used to clone cDNAs of putative sulfate/selenate transporters from the various Astragalus species using degenerate primers. Based on the partial cDNA fragment sequences, further RACE and full-length PCR cloning led to the identification of homologs of sulfate transporter genes. Phylogenetic analysis (data not shown) identified sulfate transporters belonging to groups 1, 2, 3, and 4 of the sulfate transporter gene family, from both Se-hyperaccumulating species (A. racemosus, A. crotalariae, and A. bisulcatus) and closely related nonaccumulating species (A. glycyphyllos and A. drummondii; Table I ). The plant sulfate transporter gene family belongs to the Sulfate Permease (SulP) family, which is a large and ubiquitous family with members derived from archaea, bacteria, fungi, plants, and animals. Many of these proteins are functionally characterized, and most are inorganic anion uptake transporters or anion/anion-exchange transporters.
The size of the sulfate transporter gene family in the Fabaceae plant family is influenced by the genome structure. The partially diploidized tetraploid soybean (Glycine max) genome contains in total 28 sulfate transporter genes indicating gene duplications of the individual group isoforms (Schmutz et al., 2010 ; http:// www.phytozome.net/). In contrast, in the diploid Medicago truncatula genome (www.medicago-hapmap.org), only 10 sulfate transporter genes are detectable. The "New World" Astragalus species, which include A. racemosus, A. crotalariae, A. drummondii, and A. bisulcatus, are mostly aneuploid, with a chromosome number based on n = 11 to 15, in contrast to the "Old World" euploid Astragalus (n = 8) species, which include A. glycyphyllos (Wojciechowski et al., 1999; Scherson et al., 2005) . From A. racemosus, three very closely related group 1 high-affinity sulfate transporter genes were identified (Sultr1a-Sultr1c). Using the same RT-PCR approaches, a Sultr1b isoform from A. bisulcatus, A. crotalariae, and A. drummondii and Sultr1a and Sultr1b isoforms from A. glycyphyllos were isolated (these a and b forms do not necessarily correspond to the a and b forms from A. racemosus). In Arabidopsis, the group 1 subfamily is composed of three different sulfate transporter genes, Sultr1;1, Sultr1;2, and Sultr1;3, which are phylogenetically clearly distinct. Although the degenerate oligonucleotide primers used should allow an amplification of all three group 1;1, 1;2, and 1;3 genes, all identified Astragalus Sultr1 isoforms (1a, 1b, and 1c) were phylogenetically very closely related and clustered independently of the Arabidopsis genes, although still in group 1, and thus could not be individually aligned with other group 1 genes on the basis of sequence. Such an inability to directly align the individual genes is evident in published phylogenetic trees . The phylogenetic analysis of the identified group 2 Astragalus sulfate transporter mapped Sultr2 to the Arabidopsis group 2-type sulfate transporter Sultr2;2. No Sultr2;1 type was isolated from the Astragalus species. Furthermore, a group 3 Sultr3;4 type was identified in A. racemosus, A. bisulcatus, and A. drummondii and a group 4 type was identified from A. racemosus.
Conservation of sequences across different members of family may indicate important residues with structural or functional roles. It is hypothesized that sequence variation changing the charge, size, or polarity of selected residues between the equivalent isoforms from hyperaccumulators and nonaccumulators would have the potential to modify the ratio of selectivity of sulfate and selenate transport and, as a consequence, may contribute to the accumulation phenotype. In the SulP family, there is a conserved motif spanning predicted transmembrane helices 1 and 2, shown in Figure 4 (Saier et al., 1999; Leves et al., 2008) . Alignment of the identified Astragalus sulfate transporters with sequences from Stylosanthes hamata, soybean, M. truncatula, and Arabidopsis, as well as from yeast and the human pendrin protein, highlighted that a previously considered absolutely conserved Gly in the second position of transmembrane a-helix 2 (all transporters belonging to the eukaryotic SulP family, including the Fabaceae [S. hamata] Sultr1.1-type and the Medicago and soybean Sultr1.2-and 1.3-type high-affinity sulfate transporters) is replaced by an Ala for all the cloned group 1 type from Astragalus, as well as the homeologous Sultr1.1 sequences from Medicago and soybean (Fig. 4) . Furthermore, there seems to be an additional preference for Thr (T) rather than Pro/Ala (P/A) in position 8 of the second transmembrane a-helix in the b and c clones from the Se-hyperaccumulating Astragalus species. It is not known whether sulfate transporter kinetics are influenced by these exchanges compared with the other high-affinity sulfate transporters.
Sulfate/Selenate Transporter Gene Expression
To determine whether the observed greater selenate uptake observed in the absence of sulfate ( Fig. 1 ) was due to decreased competition between the two anions in solution or to increased expression or activity of the transporters in response to sulfate starvation and Se supply, transcript expression of putative sulfate/selenate transporters from one Se hyperaccumulator, A. racemosus, and one closely related nonaccumulator species, A. drummondii, was determined by semiquantitative RT-PCR. Transporters belonging to groups 2 and 4 ( Fig. 5 ) and group 3 (data not shown) of the plant sulfate transporter family were expressed in both root and shoot tissues of A. racemosus and A. drummondii, whereas the group 1-type transporter genes, which have been shown in other species to be mainly responsible for the initial uptake (Buchner et al., 2004b) , were detected only in root tissues. Sulfate starvation and Se supply had little effect on the expression of the transporters (Fig. 5 ).
To confirm that the expression of the Astragalus Sultr1 high-affinity transporter gene was not induced by S starvation, a 16-d time-course experiment was performed with the Se hyperaccumulator A. racemosus. Eight days of S starvation (plants previously grown on sufficient S supply for 6 weeks) reduced the sulfate concentration in A. racemosus root tissues by more than 10-fold (Fig. 6A) . The shoot tissues showed a slower rate of sulfate concentration reduction in response to the sulfate starvation (Fig. 6B) ; after 8 and 13 d of S starvation, sulfate concentrations decreased by 2-and 10-fold, respectively.
After 16 d of S starvation, there were modest increases of group 1 and 4 transcript abundance in root tissues (Fig. 7, A and C) . The expression of root Sultr2 Figure 4 . A, Alignment of selected members of the SulP family showing the first two predicted transmembrane helices and highlighting an Ala residue conserved between group 1 Astragalus and other Fabaceae Sultr1.1-type sequences, otherwise conserved as a Gly residue within sequences from members of the SulP family. The alignment was performed using ClustalX (Thompson et al., 1997) and displayed with Genedoc (version 2.6.002; http://www.nrbsc.org/gfx/genedoc/). The sequences shown, with gene identifier numbers in parentheses when available, are as follows: A. racemosus ArST1A (FN689510), ArST1B (FN689511), ArST1C (FN689512), and ArST3.4 (FN689514); A bisulcatus AbST1B (FN689517); A. glycyphyllos AgST1A (FN689515) and AgST1B (FN689516); Arabidopsis Sultr1.1 (At4g08620), Sultr1.2 (At1g78000), Sultr1.3 (At1g22150), Sultr2.1 (At5g10180), and Sultr2.2 (AT1G77990); M. truncatula Sultr1.1 (Medtr2g008470), Sultr1.2 (CU651589_3.1), and Sultr1.3 (Medtr5g061880.1); soybean Sultr1.1a (Glyma08g19240.1), Sultr1.2b (Glyma06g11140.1), and Sultr1.3a (Glyma13g02060.1); S. hamata ShamSultr1 (CAA57710) and ShamSultr3 (CAA57831) high-and low-affinity sulfate transporters, respectively; Saccharomyces cerevisiae SUL1 (P38359); and Homo sapiens pendrin (AAC51873). Black shading, 100% conservation; dark gray shading, less than 100% conservation but more than 80% conservation; light gray shading, less than 80% conservation but more than 60% conservation. B, Conserved sulfate transporter amino acid motif.
was not influenced by S starvation (Fig. 7B) . In shoots, no Sultr1 transcript was detectable under sufficient S or under S starvation (Fig. 7D) . A small increase in Sultr4 and no change of Sultr2 abundance were observed in response to S starvation (Fig. 7, E 
and F).
To compare the transcript level of the Astragalus groups 1, 2, and 4 sulfate transporter gene expression with the known highly sulfate starvation-inducible expression of Brassica napus and wheat (Triticum aestivum), quantitative transcript level analyses were performed. B. napus and wheat plants were grown in a hydroponic system similar to the Astragalus plants (see "Materials and Methods"). After establishment under sufficient S supply, 2-week-old plants were starved of S for 5 d (alongside a S-sufficient control). As reported previously (Buchner et al., 2004a , S starvation reduced the sulfate concentration in the B. napus and wheat roots by more than 5-fold within 3 d of transfer to S-free medium (data not shown). This rate of depletion of tissue sulfate concentration was much faster than that found in the Astragalus species.
In B. napus, two high-affinity sulfate transporters, BnSultr1;1 and BnSultr1;2, are involved in sulfate uptake by the root. Both transporters are differentially regulated in relation to S supply. BnSultr1;1 is very weakly expressed in root under sufficient S supply and strongly induced by S starvation. BnSultr1;2 is the main high-affinity transporter expressed under sufficient S supply, and the expression is slightly upregulated under S starvation (Buchner et al., 2004a . This was visible in the quantitative expression analysis. Under sufficient S supply, only a very low transcript amount of BnSultr1;1 was detectable, which increased by more than 100-fold upon S starvation (Fig. 8A) . The transcript level of BnSultr1;2 was already twice that of the up-regulated BnSultr1;1 under sufficient S supply and further increased (doubled) in S-starved roots (Fig. 8A ). In wheat, there is only one high-affinity transporter gene expressed in roots that is required for root sulfate uptake under sufficient S Figure 5 . Transcript abundance of group 1-, 2-, and 4-type sulfate transporter genes. Expression is shown in root (A) and shoot (B) tissues of A. racemosus (A. rac; the Se hyperaccumulator) and A. drummondii (A. dru; the nonaccumulator) as affected by a 20 mM selenate treatment applied from the 1st week of hydroponic growth and a final 5 d of S starvation. Relative transcript abundances were obtained by semiquantitative RT-PCR and normalized by actin transcript abundance. Values represent means 6 SE of three independent measurements, which corresponded to three independent biological replicates. supply . Thus, a high transcript amount was already detectable in roots of control plants, which increased 2-fold in S-starved roots (Fig.  8A) . As seen in the relative expression analysis (Fig. 7) , only small increases in transcript level were observed in the S-starved roots of all Astragalus species. However, transcript abundances of Sultr1 in roots of the Sehyperaccumulating A. racemosus and A. bisulcatus were similar or much higher than the highest transcript level found for Sultr1 of wheat (Fig. 8A) . This would imply a high potential for root sulfate uptake under sufficient S supply, comparable to that found in other plant species only under S starvation conditions (Fig.  8) . The Sultr1 transcript abundance in the Se-nonaccumulating Astragalus species A. drummondii and A.
glycyphyllos was less than in the Se-hyperaccumulating Astragalus species, with A. drummondii showing similar transcript abundance to wheat and A. glycyphyllos showing a level similar to B. napus (Fig. 8A) .
A similar pattern was also found for the low-affinity, group 2 sulfate transporters. Sultr2 transcript abundance in roots was much higher than the highest transcript level found in S-starved wheat roots with the exception of A. drummondii (Fig. 8B) . Transcript levels of all Astragalus group 4 (vacuole efflux sulfate) transporters were much higher compared with the transcript amount found for B. napus and wheat under sufficient S supply, almost reaching the highly upregulated level of the wheat Sultr4 transcript in S-starved roots (Fig. 8C) . In contrast to wheat and B. napus, no Astragalus Sultr1 transcripts were detectable in shoots. In B. napus, a low abundance of Sultr1;1 transcript was present in S-sufficient shoots, which increased up to 5-fold after 5 d of S starvation. In wheat, it is known that Sultr1 is expressed in nonroot tissues , and sulfate starvation for 5 d increased the transcript abundance in shoots more than 6-fold, indicating the important function of wheat Sultr1 in S remobilization under limited S supply (Fig. 8D) . Figure 8 . Quantitative transcript analysis. Transcript levels of group 1, 2, and 4 sulfate transporters in the Se hyperaccumulators A. racemosus (black bars) and A. bisulcatus (black and white checked bars), the nonaccumulators A. drummondii (gray bars) and A. glycyphyllos (gray and white checked bars), B. napus (white bars with black diagonal lines), and wheat (white bars with black dots) in roots (A-C) and shoots (D-F) of hydroponically grown plants at 5 d of S starvation compared with sufficient S supply. PCR was performed in cycle ranges where the individual sulfate transporter genes show linear amplification rates. Transcript levels were calculated based on PCR calibrated using plasmid DNA containing the corresponding sulfate transporter cDNA fragment for group 1 (A and D), group 2 (B and E), and group 4 (C and F) sulfate transporters. Values represent means 6 SE of at least three biological replicates. The data were submitted to t test variance analysis with two-tailed distribution and two-sample equal variance, and the letters represent P values as follows: a,b significant at P , 0.05 and P , 0.01 for comparisons of the +/2 S treatment, respectively; c significant at P , 0.05 for differences between the Se hyperaccumulators A. racemosus and A. bisulcatus versus the Se nonaccumulators A. drummondii and A. glycyphyllos, respectively.
Sultr4 transcripts accumulated more in shoots of nonaccumulating Astragalus species compared with the Se-accumulating Astragalus species. All Astragalus group 4 Sultr transcript amounts were much higher than the B. napus Sultr4.1 and Sultr4.1 and wheat Sultr4 under sufficient S supply. In addition, the Sultr 4 transcript levels of the two Se nonaccumulators, A. drummondii and A. glycyphyllos, were significantly higher than in the Astragalus Se-hyperaccumulating species under S starvation and were higher or similar to the transcript amount in the up-regulated condition in wheat (Fig. 8F) .
DISCUSSION
For hydroponically grown Astragalus, external sulfate inhibited selenate uptake, whereas external selenate promoted sulfate uptake. This is distinct from subsequent patterns of Se accumulation, which reflect downstream metabolism and subcellular partitioning. Similar observations have been shown with hydroponic or agar experiments with alfalfa (Medicago sativa), onion (Allium cepa), and Arabidopsis (Bell et al., 1992; Barak and Goldman, 1997; White et al., 2004) . In addition, variation was observed between Se hyperaccumulators and nonaccumulators in Se accumulation in response to S starvation. The increased Se uptake under S starvation may be partly explained by a lack of competitive inhibition by sulfate. Furthermore, the nonaccumulating species were more responsive to the selenate treatment in increasing their sulfate uptake, which may be a mechanism to reduce Se toxicity in these species. The observed interactions are likely to result from a combination of direct competition for transport between the two ions and regulatory mechanisms at the level of the expression and/or activity of the transporters.
Despite large decreases in tissue sulfate concentration in response to S starvation and Se hyperaccumulation as a result of 20 mM selenate treatment, there was little or no effect on sulfate transporter transcript abundance. Indeed, with the exception of the group 1 transporters, which were never expressed in shoot tissues, transporter transcripts were present at high levels regardless of the S or Se supply. Selenate supply had little effect on transcript abundance, and S starvation only resulted in a slight increase in the expression of group 1 and group 4 transporters in root tissues. This is in contrast to observations with other species, where the expression of many sulfate transporters has been shown to be highly induced by sulfate starvation (Smith et al., 1995 (Smith et al., , 1997 Takahashi et al., 2000; Shibagaki et al., 2002; Yoshimoto et al., 2002 Yoshimoto et al., , 2003 Howarth et al., 2003; Buchner et al., 2004a Buchner et al., , 2004b Hopkins et al., 2004 Hopkins et al., , 2005 Koralewska et al., 2008 Koralewska et al., , 2009 Rouached et al., 2008; Shinmachi et al., 2010) . The expression of one group 1 isoform, Sultr1;1, and one group 2 isoform, Sultr2;1, has also been shown to be induced by increased Se supply (Takahashi et al., 2000) . The increase of sulfate uptake ability in response to Se supply has been suggested to result from Se supply inducing a stress that mimics a sulfate deprivation stress, in terms of increased transcript accumulation of some of the transporters and increased sulfate uptake ability. However, in Astragalus, an increase of sulfate uptake occurred in response to Se supply, but this increase did not correlate with an increase in the abundance of transporter transcripts.
A dual pattern of a highly sulfate-responsive isoform and a constantly highly expressed isoform has been described in Arabidopsis. The Sultr1;1 isoform appears to be nearly totally repressed under sufficient S supply, while its expression is induced more than 10-fold under S starvation or Se supply (Yoshimoto et al., 2002; Rouached et al., 2008) . In comparison, Sultr1;2 is accumulated at high levels regardless of the S or Se nutritional status, and it is only slightly inducible (2-fold) by sulfate starvation (Yoshimoto et al., 2002; Rouached et al., 2008) . This isoform appears to be the one mainly responsible for sulfate and selenate uptake into the root (Rouached et al., 2008) . The expression pattern of the group 1-type sulfate transporter cloned from Astragalus in this study appears to correspond to this second isoform. Such a nonrepressible, constant high-level expression form of high-affinity group 1 sulfate/selenate transporter transcript, as found for the Astragalus hyperaccumulators, would be of advantage for high S and Se accumulation ability. Comparative analysis between the Brassicaceae Se hyperaccumulator, Stanleya pinnata, and the Se nonaccumulator, Stanleya albescence, using Arabidopsis DNA microarrays revealed that in S. pinnata, many important S assimilation genes were found constitutively up-regulated in leaves as well as in roots. In leaves, the potential for Se and S accumulation seems to be correlated with the constitutive up-regulation of three Cys synthase genes compared with S. albescence (Freeman et al., 2010) . In roots of S. pinnata grown without Se, 22 different S assimilation genes, including Sultr1.2, were more highly expressed compared with S. albescence (Freeman et al., 2010) . It seems that many metal-hyperaccumulating plant species show high constitutive expression of genes otherwise regulated in nonaccumulating plant species. Transcriptome comparison of zinc/cadmium-hyperaccumulating Arabidopsis halleri and Noccaea caerulescens (formerly Thlaspi caerulescens) with related nonaccumulator species revealed that a set of genes encoding proteins involved in metal transport and metal-chelator biosynthesis are both constitutively and highly expressed in hyperaccumulators Hanikenne and Nouet, 2011) . More than 2,000 genes are found to be at least five times more highly expressed in Noccaea compared with Arabidopsis, with many associated with metal homeostasis (van de Mortel et al., 2006; Verbruggen et al., 2009) . In response to cadmium, N. caerulescens showed differences in the expression of genes involved in lignin, glutathione, and sulfate metabolism compared with Arabidopsis (van de Mortel et al., 2008) . The more precise quantitative expression analysis on the Astragalus species presented here indicates that for the hyperaccumulating Astragalus species, A. racemosus and A. bisulcatus, the transcript abundance of Sultr1 occurred at a level that is only found under sulfate starvation of the homeologous wheat sulfate transporter and up to eight times higher than the highest B. napus Sultr1.2 expression under sulfate starvation. This is a strong indication that Sehyperaccumulating Astragalus species have a high potential sulfate uptake capacity, irrespective of sulfate supply, which facilitates high selenate uptake even in the presence of sulfate. This constitutively high transcript abundance (assuming that it is matched by high sulfate transporter protein abundance) would lead automatically to even greater increased Se uptake in the absence of sulfate. This high capacity for Se uptake is apparently an important component of the hyperaccumulator trait.
In Arabidopsis, isoforms of the low-affinity group 2 type, thought to be involved in the translocation between roots and shoots, have been shown to be inducible by sulfate starvation or Se supply (Takahashi et al., 2000; Buchner et al., 2004b; Hopkins et al., 2004 ). The high root transcript level of Sultr2 in the Sehyperaccumulating Astragalus species, compared with the nonaccumulators under sufficient sulfate supply, and compared with S-deficient wheat, indicates that in addition to potentially high uptake capacity there is also a higher capacity for the selenate/sulfate translocation from the root to the shoot. Sequence analysis of the identified Astragalus group 1 sulfate transporters indicated no obvious differences between the proteins of Se-hyperaccumulating and nonaccumulating species that might favor a discrimination of selenate uptake relative to sulfate (White et al., 2004 Galeas et al., 2007) .
In addition to transcriptional regulation of the sulfate transporter genes, posttranscriptional and posttranslational regulatory mechanisms influenced by S nutritional status have been shown for Brassica oleracea, Arabidopsis, and potato (Solanum tuberosum; Maruyama-Nakashita et al., 2004a Hopkins et al., 2005; Yoshimoto et al., 2007) . In potato, a lack of correlation between mRNA abundance and protein level as compared with measurable sulfate uptake activity was found; only a small and transient increase in uptake capacity was observed upon removal of an external supply of sulfate (Hopkins et al., 2005) . In Arabidopsis and barley (Hordeum vulgare), large changes in mRNA abundance paralleling modest changes in sulfate transporter activity were observed (Smith et al., 1997; Takahashi et al., 2000) . For example, the increase in transport capacity reached a maximum after 4 d of S starvation and then decreased slightly, in contrast to mRNA abundance, which continued to increase (Smith et al., 1997) . Furthermore, the transporter protein in the plasma membrane increased in abundance compared with the S-replete condition, while uptake capacity was comparable; a possible conclusion was that there are additional posttranslational control mechanisms in operation. Yoshimoto et al. (2007) demonstrated that both SULTR1;1 and SULTR1;2 are controlled posttranscriptionally mainly at the level of protein accumulation in roots, responding to the changes in S supply. In transgenic Arabidopsis double Sultr1;1/1;2 knockout plants, both 35S promoter-controlled SULTR1;1mycHis and SUTLR1;2-mycHis mRNAs were predominantly found in roots; the SULTR1;1mycHis and SULTR1;2mycHis proteins were found exclusively in roots and accumulated significantly under S limitation, correlating with the induction of sulfate uptake activities. Furthermore, in a time-course experiment of short-term S starvation, SULTR1;1mycHis and SULTR1;2mycHis proteins were significantly accumulated during an 8-to 72-h period, causing substantial induction of sulfate uptake activities, while their corresponding mRNAs were expressed constantly around the initial levels, except for the transient induction in the first 2 h. It may be concluded that posttranslational mechanisms are operating in the roots. The existence of such regulatory mechanisms in Astragalus plants in response to S and Se supply remains to be investigated.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Astragalus racemosus and Astragalus glycyphyllos seeds were obtained from P.J. White, and Astragalus bisulcatus, Astragalus drummondii, and Astragalus crotalariae seeds were obtained from D.E. Salt. Seeds were mechanically scarified with a razor blade and imbibed in a 15-mL tube with at least 5 mL of water on a shaker overnight. Seeds with cotyledons exposed or whose size was at least double the original size were transferred to germinate on filter paper discs soaked with deionized water in petri dishes for 4 to 5 d.
Plants were cultivated via hydroponic cultures in a growth chamber with a 14-h daylength and day/night temperatures of 22°C/18°C, day/night humidity of 80%/70%, and light level of 330 mmol m 22 s 21 . The composition of the hydroponic solution was KH 2 PO 4 (0.25 mM), Ca(NO 3 ) 2 (2 mM), NH 4 NO 3 (2 mM), FeNaEDTA (0.1 mM), H 3 BO 3 (30 mM), MnCl 2 (10 mM), ZnCl 2 (1 mM), CuCl 2 (3 mM), and Na 2 MoO 4 (0.5 mM). MgCl 2 (1 mM) was added for a hydroponic solution lacking S, MgSO 4 (1 mM) was added for a solution with S, and K 2 SeO 4 (20 mM) was added for the selenate treatment. Solutions were continuously aerated and changed weekly, unless specified, when S starvation treatments were carried out. Deionized water was used to compensate for water lost to evaporation every 2 to 3 d. Shoots and roots from A. racemosus, A. bisulcatus, A. drummondii, and A. glycyphyllos were harvested, immediately frozen in liquid nitrogen, and stored at 280°C for subsequent gene expression analysis and elemental analysis. For quantitative gene expression analysis, Brassica napus and wheat (Triticum aestivum) root and shoot material was obtained from hydroponic culture experiments. After germination, B. napus and wheat plants were transferred into a single plant hydroponic culture system with modified Hoagland and Letcombe nutrient solution, respectively (Buchner et al., 2004a . After 2 weeks of cultivation under sufficient sulfate supply, a sulfate starvation experiment was performed. After 5 d of sulfate starvation, root and shoots were harvested, immediately frozen in liquid nitrogen, and stored at 280°C for subsequent gene expression analysis.
Total RNA Extraction
Total RNA was isolated from roots by a method based on Verwoerd et al. (1989) and adapted by Buchner et al. (2004a) . The quality of the RNA preparation was checked by electrophoresis of an aliquot on a Tris-acetate/ agarose gel, and the concentration was determined from the absorption at 260 nm using a NanoDrop ND-1000 spectrophotometer (Labtech).
cDNA Isolation, Sequencing, and Sequence Analysis Partial cDNAs corresponding to sulfate transporter genes were isolated by RT-PCR from total RNA. Oligonucleotide primers including degenerate nucleotides were designed based on highly homologous regions identified in sequence alignments of published sulfate transporter genes from different plant species, corresponding to the respective sulfate transporter groups. First-strand cDNA synthesis was performed according to the Invitrogen SuperScript III Reverse Transcriptase manual with 2-mg aliquots of total root and leaf RNA and poly(dT)AP primer (Invitrogen 3#-RACE). Subsequently, PCR was performed according to the Sigma REDTaq DNA polymerase mix standard protocol for 50-mL reaction by using a 1-mL aliquot of each first-strand cDNA solution and specific sense/antisense primer combinations. The 5# and 3# regions of the sulfate transporter transcripts were isolated by 5#-and 3#-RACE according to the Invitrogen 5#-RACE and 3#-RACE kit manuals and sequence-specific oligonucleotide primers based on the sequence results from the partial cDNA fragment isolation (data not shown). Finally, full-length cDNAs containing the full coding region of the sulfate transporters were generated via RT-PCR and sequence-specific primers obtained from the 5#-and 3#-RACE fragments (data not shown) using proofreading Pfu-DNA polymerase. All PCR fragments were verified by sequencing in both directions. ClustalX version 1.81 (Thompson et al., 1997) was used for multiple sequence alignment of the coding cDNA sequences. MEGA version 4.0 (Tamura et al., 2007) was used for the calculation of phylogenetic trees (the neighbor-joining method) on the basis of the coding sequences. Bootstrap values for the trees were calculated as a percentage of 1,000 trials with a seed number for the random number generator of 1,000.
Semiquantitative and Quantitative RT-PCR Expression Analyses
Sulfate transporter gene expression was analyzed by two-step semiquantitative RT-PCR. First-strand cDNA synthesis was performed from 2-mg aliquots of total RNA and dT-adapter primer using Invitrogen SuperScript III, according to the standard protocol but using a 2-h synthesis time. Subsequently, semiquantitative PCR was performed as a 15-mL reaction using 1 mL of each first-strand cDNA solution, specific primer combinations (Table  II) for the respective sulfate transporters, and REDTaq mix (Sigma-Aldrich). To equalize PCR conditions, the melting temperature of all primers was in the range of 61°C to 63°C and the amplicon size of the PCR fragments was between 470 and 520 bp (Table II) . To optimize the number of cycles of the PCR, the range of the linear amplification cycles was determined for each individual tissue and primer combination. As a constitutive control, semiquantitative RT-PCR was performed using Astragalus actin2-specific oligonucleotide sense and antisense primers. Equal amounts of PCR products separated by electrophoresis were analyzed by a digital image system using Gene Snap software (Syngene, Synoptics). Fluorescence values of products were analyzed by Gene Tools software (Syngene, Synoptics). Gene expression value was determined as peak volume. Specific gene expression value was normalized to the constitutive control expression values.
PCR efficiencies and kinetics of the semiquantitative expression analysis by PCR may vary by length and sequence of the amplicons and primers for the individual sulfate transporters. For quantitative comparison of the expression of an individual sulfate transporter gene in control and sulfate-starved roots and shoots in Astragalus species in comparison with B. napus and wheat, the amount of amplified PCR product was calibrated with a standard curve. The B. napus and wheat root and shoot material was obtained from hydroponic culture experiments (Buchner et al., 2004a . Semiquantitative PCR fragments of the individual sulfate transporters were amplified from known plasmid vector cloned and sequenced cDNAs to ensure sequence specificity and subcloned in pGEM-Te (Promega). The quantitative standard curve was generated by a serial dilution and subsequent PCR of defined amounts of plasmid DNA containing the specific amplicon cDNA fragment of each individual sulfate transporter, using the same cycle regime as used for the expression analysis. Equal amounts of PCR products separated by electrophoresis including a defined standard DNA ladder were analyzed as for the semiquantitative expression analysis. Based on this calibration, the relative amount of target sulfate transporter transcript in the cDNA derived from total RNA was calculated and defined as fg of cDNA derived from 2 mg of total RNA. All results are based on three biological replicates. Technical test PCR replicates indicated high precision and reproducibility of the quantitative expression analysis using this semiquantitative RT-PCR approach.
Tissue Sulfate Concentration Analysis by HPLC
A 5-to 25-mg sample of fresh shoot tissue from each plant was ground in liquid nitrogen and freeze dried. After extraction in 1 mL of deionized water at 80°C for 3 h with frequent mixing and centrifugation for 20 min, the supernatant was filtered using a 0.2-mm membrane syringe filter to a fresh tube. The concentration of sulfate was measured by ion chromatography using an AS9SC separation column (Dionex). The eluent solution consisted of 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 .
Tissue Element Concentration Analysis by Inductively Coupled Plasma-Mass Spectrophotometry
Element concentrations including total Se of dry plant tissues were determined using inductively coupled plasma-mass spectrophotometry (ICP-MS). Shoot tissues were ground in liquid nitrogen and oven dried at 60°C on its GF/C glass filter. Samples were digested under microwave heating for 45 min at a controlled pressure of 20 bar in 3.0 mL of 70% trace analysisgrade HNO 3 , 2 mL of 30% hydrogen peroxide, and 3 mL of water (Fisher Scientific). The microwave system comprised a Multiwave 3000 platform with a 48-vessel 48MF50 rotor (Anton Paar). Digested samples were diluted to 15 mL (20% HNO 3 ) with Milli-Q water and stored at room temperature pending elemental analysis. Immediately prior to analysis, samples were diluted 1:10 with Milli-Q water using a Compudil-D autodiluter (Hook and Tucker Instruments). Multielement analysis was undertaken using ICP-MS (X-Series II; Thermo Fisher Scientific) with a hexapole collision-reaction cell, hydrogen (H 2 ) gas, upstream of the analytical quadrupole. Samples were introduced from a covered autosampler (Cetac ASX-520) with 4-3 60-place sample racks at 1 mL min 21 through a concentric glass Venturi nebulizer (Thermo Fisher Scientific). Data were corrected using blank digestions. The calculation of the concentrations of individual elements is based on mean atomic masses.
Data Analysis
Anion and elemental data were subjected to ANOVA according to a factorial treatment structure (four species 3 two S treatments 3 two Se treatments) and four replicates using GenStat version 8 (VSN International). A log 10 transformation of the values was employed to ensure normal distribution for ANOVA.
Sequence data from this article can be found in the GenBank/EMBL data libraries under the accession numbers provided in Table I. 
